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A thorough understanding of nanoscale heat flow in heterostructures is crucial for future multifunctional nanodevices based on 2D materials. For example, the thermal exchanges based on hot-carrier cooling pathways and time in graphene devices have been rigorously investigated, and these studies provide guidance for the development of electronic and optoelectronic applications [1,2]. Furthermore, defect-assisted acoustic phonon scattering [3] , intrinsic optical phonon (OP) cooling [4] , and interlayer Coulomb coupling [5] are the three primary relaxation mechanisms in diffusive, suspended, and decoupled multilayer graphene, respectively. However, perfect supported or encapsulated graphene, in which electrons are coupled to remote polar phonon modes, is different from the other types of graphene mentioned above, and it lacks sufficient experimental research. As a uniaxial dielectric, hexagonal boron nitride (hBN) sustains a large number of hyperbolic phonon-polaritons (HPPs). Thus, the hBN/graphene heterostructure provides a perfect research platform for nanoscale heat transfer of van der Waals heterostructures. Recently, Koppens et al. [6] and Placais et al. [7] independently verified highly surprisingly fast heat flow within van der Waals heterojunctions through different solid experiments, which made great progress in the study of nanoscale thermal transport. Koppens et al. [6] identified the picosecond relaxation times and dynamics of the hyperbolic cooling process in graphene heterostructures. In order to measure the ultrafast carrier dynamics of hBN-encapsulated graphene (illustrated in Fig. 1a ), they performed pump-probe photocurrent measurements on the hBN-encapsulated, Hall-bar-shaped, exfoliated graphene devices. To exclude the disorder assisted cooling, the long mean-free path and high carrier mobility of graphene were extracted firstly. Based on the energy transfer rate and the pump-probe experimental data, the cooling dynamics with a cooling timescale of C T T Q = n calc e L were obtained, where C n is the electronic heat capacity of graphene and Q is the energy transfer rate.
It was found that the hyperbolic cooling model of hBN semi-quantitatively reproduces the experimentally observed trends for the entire range of investigated carrier densities and lattice temperatures. As illustrated in Fig.  1b , the cooling slows down for lower lattice temperatures and around the Dirac point, which is mainly attributed to the smaller energy transfer rate Q. It should be noted that the cooling was slower when being encapsulated with very thin hBN flakes, because of the lower density of hyperbolic modes in thinner hBN.
Noise thermometry, combined with Joule heating, is another powerful tool to investigate energy relaxation. At the same time, Placais et al. [7] gave strong evidence for this new and ultra-efficient cooling pathway by using sensitive noise thermometry based on bilayer graphene transistors, demonstrating the emission of HPPs by outof-equilibrium electron-hole pairs. A crucial difference between the low and high bias cooling mechanisms lies in their opposite dependences on carrier concentration, as shown in Fig. 1c . This indicates two dominating cooling processes: intraband electron-electron interactions at low field and interband HPP emission at high field. The sudden jump in emissivity (Fig. 1d ) cannot be understood within a thermal scheme because emissivity at fixed doping shows a smooth dependence on temperature. This significant increase in emissivity indicates an ultra-efficient, strongly out-of-equilibrium process.
In these intriguing 2D hBN/graphene heterostructures, efficient coupling between graphene carriers and HPPs in hBN layer opens up thermal pathways, through which heat is efficiently drained away from the device. The magnitude of this HPP relaxation time is in the order of picoseconds. These studies on nanoscale thermal transport in 2D heterostructures hold significant implications on thermal managements, optoelectronics, thermoelectrics and data communications. [6, 7] . Copyright 2017, Nature publishing group.
